Troponin levels are commonly elevated among patients hospitalized for heart failure (HF), but the prevalence and prognostic significance of early post-discharge troponin elevation are unclear. This study sought to describe the frequency and prognostic value of pre-discharge and post-discharge troponin elevation, including persistent troponin elevation from the inpatient to outpatient settings. ............................................................................................................................................................................... 
Introduction
Troponin is a central biomarker in cardiovascular medicine and plays a fundamental role in defining myocardial injury in patients with acute coronary syndrome (ACS). Data have also shown that troponin levels are elevated in a significant proportion of patients hospitalized for heart failure (HF), which suggests a degree of cardiac damage even in the absence of overt clinical myocardial ischaemia.
1 Although the precise mechanism underlying troponin elevation among hospitalized HF patients is unclear and possibly multifactorial, it has been hypothesized that troponin elevation defines a state of ongoing end-organ injury that mediates further worsening HF.
2 -4 However, despite strong biological plausibility, prior work examining the prognostic utility of various troponin assays in the hospitalized HF setting has yielded mixed results. 5, 6 For example, among patients in the biomarker subset of the ASCEND-HF (Acute Study of Clinical Effectiveness of Nesiritide in Decompensated Heart Failure) trial, a higher troponin I level was independently predictive of in-hospital death or worsening HF, but was not associated with 30-day or 180-day outcomes. 5 In contrast, investigators in the RELAX-AHF (Relaxin in Acute Heart Failure) study found higher baseline and peak levels of high-sensitivity troponin T to be strongly associated with 180-day cardiovascular mortality (CVM). 6 Despite available therapy, within 60-90 days of discharge, mortality and readmission rates for hospitalized HF patients approach 15% and 30%, respectively. Although a multitude of risk scores for patients hospitalized for HF have been described, models are generally complex and have modest discriminatory power, and uptake has been limited. Thus, there is an unmet need for a simple, practical means of risk stratification as patients transition to the post-discharge vulnerable phase following HF hospitalization. In this context, although troponin I testing is commonly performed during hospitalization, the prognostic significance of troponin abnormalities during early outpatient follow-up and persistent troponin elevation from the inpatient to outpatient setting is unclear. The ASTRONAUT (Aliskiren Trial on Acute Heart Failure Outcomes) trial database affords the opportunity to formally study these questions. 7 
Methods

Study design
The study design and primary results of the ASTRONAUT trial have been previously reported. 7, 8 Briefly, ASTRONAUT was a prospective, multicentre, global, placebo-controlled randomized trial investigating the effects of aliskiren, a direct renin inhibitor, on clinical outcomes among stable patients hospitalized for HF. All patients were aged ≥18 years and had a left ventricular ejection fraction (EF) of ≤40%, elevated admission natriuretic peptide level [B-type natriuretic peptide (BNP) ≥400 pg/mL or N-terminal pro-B-type natriuretic peptide (NT-proBNP) ≥1600 pg/mL], and signs and symptoms of fluid overload that required hospitalization. The trial found aliskiren to have no influence on clinical outcomes compared with placebo. The trial did not specify exclusion criteria based on admission or baseline troponin levels. However, patients with myocardial infarction (MI) or coronary revascularization within 3 months of enrolment or with investigator-reported unstable coronary artery disease (CAD) likely to require revascularization were excluded.
ASTRONAUT was conducted in full accordance with the Declaration of Helsinki and with institutional review board and ethics committee approval at all sites. Informed consent was obtained from all patients. The present analysis included patients in both the aliskiren and placebo study arms. All patients for whom baseline troponin I data were available were included.
Troponin I measurement
The trial protocol included measurement of troponin I prior to discharge at the time of study randomization (i.e. baseline/Visit 2), which occurred at a median of 5 days after hospital admission and after patients had been haemodynamically stabilized. The protocol also included measurement of troponin I at 1 month post-randomization. All troponin samples in ASTRONAUT were measured at a central core laboratory blinded to clinical data (Quest Diagnostics, Valencia, CA, USA). Serum concentrations were measured using the TnI-Ultra assay (Siemens Healthcare Diagnostics, Tarrytown, NY, USA) with a 99th percentile upper reference limit of 0.04 ng/mL and an imprecision at this level of 0.004 ng/mL. In the trial database, the lowest observed value was 0.02 ng/mL and lesser values were imputed as 0.01 ng/mL.
Study endpoints and definitions
The prespecified co-primary endpoints for the present analysis were: (i) all-cause mortality within 12 months, and (ii) the composite of CVM or hospitalization for HF (HHF) within 12 months. All clinical endpoints were adjudicated by a blinded clinical event committee (Brigham and Women's Hospital, Boston, MA, USA). The definition of HHF was presentation requiring overnight hospitalization with signs and symptoms of HF and treatment with i.v. medications (i.e. diuretics, vasodilators, inotropes), mechanical fluid removal, an intra-aortic balloon pump, or initiation or intensification (i.e. doubling) of the maintenance diuretic dose.
Statistical analysis
Patients were grouped by the presence or absence of pre-discharge troponin elevation (i.e. measured at study baseline). Likewise, patients were grouped by the presence or absence of troponin elevation at 1 month. All continuous variables were reported as the mean ± standard deviation (SD) or median and interquartile range (IQR). Baseline demographics, vital signs and laboratory values, medical and medication histories, and clinical events were compared between groups using chi-squared, analysis of variance and Kruskal-Wallis distribution-free tests as appropriate.
The primary predictor in the present study was troponin I elevation (i.e. >0.04 ng/mL) and analyses were conducted for pre-discharge and 1-month troponin elevation separately. For evaluation of 12-month all-cause mortality and 12-month CVM/HHF, Kaplan-Meier curves were constructed for each study group and compared using log rank tests. For clinical endpoints, univariable and multivariate Cox proportional hazards models were used to calculate hazard ratios (HRs) and 95% confidence intervals (CIs) for the primary predictor. For 1-month troponin models, clinical events prior to troponin measurement were either excluded (i.e. death) or ignored (i.e. rehospitalization). The proportional hazards assumption was confirmed by Kolmogorov-type supremum tests. Prespecified interaction analyses were performed within multivariable models to test for differential associations between troponin elevation and endpoints by history of CAD and history of diabetes. For 1-month troponin elevation, additional interaction testing with pre-discharge troponin status was performed. Multivariate models for clinical outcomes were adjusted for 28 prespecified covariates: age; gender; race; geographic region; ischaemic HF aetiology; New York Heart Association (NYHA) functional class; EF; systolic blood pressure (SBP); heart rate; NT-proBNP; serum sodium; serum blood urea nitrogen; serum creatinine; QRS duration; body mass index (BMI); aliskiren randomization; medical history (prior HF hospitalization, hypertension, CAD, atrial fibrillation, diabetes, chronic obstructive pulmonary disease), and background therapy (angiotensin-converting enzyme inhibitor/angiotensin II receptor blocker, beta-blocker, mineralocorticoid receptor antagonist, digoxin, implantable cardioverter-defibrillator, cardiac resynchronizaton therapy). Covariate data reflected values collected at baseline, except for 1-month troponin models, which utilized covariate data collected at 1-month follow-up when possible (i.e. SBP, heart rate, NT-proBNP, serum sodium, blood urea nitrogen, serum creatinine and BMI). The multiple imputation procedure [fully conditional specification methods as implemented in the MI and MIANALYZE procedures in SAS (SAS Institute, Inc., Cary, NC, USA)] was used for missing covariate data (<5% for all variables). All statistical analyses were performed using SAS Version 9. 
Results
Patient characteristics
Of the 1615 patients in the ASTRONAUT efficacy cohort, data on troponin levels were available for 1469 (91.0%) patients at pre-discharge (i.e. baseline), 1301 (80.6%) at 1 month, and 1269 (78.6%) at both time-points ( Figure 1) . Figure 2 displays the distribution of patients by pre-discharge and 1-month troponin I levels and the corresponding rates of 12-month mortality. Table 1 displays baseline demographic, clinical and laboratory data for patients by pre-discharge troponin elevation status. Similar data by 1-month troponin elevation status and troponin trajectory from pre-discharge/baseline to 1 month are presented in the supplementary material online, Tables S1 and S2, respectively. Among patients with elevated troponin I levels (pre-discharge, n = 860; 1 month, n = 389), median values at pre-discharge and 1 month were 0.09 ng/mL (IQR: 0.06-0.19 ng/mL) and 0.09 ng/mL (IQR: 0.06-0.15 ng/mL), respectively. Compared with those with normal values, patients with pre-discharge troponin elevation generally had higher SBP and NT-proBNP levels, and worse renal function. Notably, rates of CAD, coronary revascularization and prior MI did not differ by pre-discharge troponin status. In contrast, patients with 1-month troponin elevation were more likely to have Figure 2 All-cause mortality at 12 months by (A) pre-discharge (study baseline) and (B) 1-month follow-up troponin I level.
established diabetes and CAD, but had rates of prior coronary revascularization and MI similar to those with normal troponin levels.
Clinical outcomes
Event rates by pre-discharge and 1-month troponin status are displayed in Table 2 and supplementary material online, 
S3
, respectively. Kaplan-Meier time-to-first-event analysis demonstrated decreased event-free survival for both co-primary endpoints among patients with pre-discharge troponin elevation (log rank P ≤ 0.001) ( Figure 3) . Similar results were seen in the analysis of 1-month troponin status (log rank P < 0.001).
Unadjusted and adjusted outcome analyses are presented in Table 3 . Both pre-discharge and 1-month troponin elevation were predictive of 12-month all-cause mortality and CVM/HHF in unadjusted analyses (all P < 0.001). After accounting for potential confounders, associations between pre-discharge troponin status and either outcome were no longer significant (P ≥ 0.113). In contrast, 1-month troponin elevation maintained a robust and statistically significant association with heightened risk for 12-month all-cause mortality (HR 1.59, 95% CI 1.18-2.13; P = 0.002) and CVM/HHF (HR 1.28, 95% CI 1.03-1.58; P = 0.024). Interaction testing revealed a consistent prognostic value of 1-month troponin I elevation irrespective of pre-discharge troponin status. Specifically, associations between 1-month troponin elevation and 12-month all-cause mortality (P-value for interaction: 0.764) and CVM/HHF (P-value for interaction: 0.163) were similar among patients with newly elevated (i.e. normal pre-discharge) and persistently elevated levels.
Influences of coronary artery disease and diabetes
Results of interaction analysis by history of CAD and diabetes are displayed in was no significant interaction between history of CAD or diabetes and pre-discharge troponin status for either 12-month all-cause mortality or CVM/HHF. Similarly, the association between 1-month troponin elevation and outcomes was not significantly influenced by the presence or absence of diabetes. By comparison, there was a statistically significant interaction between CAD and 1-month troponin elevation for 12-month all-cause mortality (P-value for interaction: 0.009) in which the predictive value was driven by a pronounced association among patients with established CAD (HR 2.12, 95% CI 1.47-3.07; P < 0.001). The association between 1-month troponin elevation and 12-month mortality was non-significant among patients without documented CAD (HR 0.96, 95% CI 0.59-1.57; P = 0.873). There was no significant interaction between CAD and 1-month troponin status for the 12-month composite endpoint (P-value for interaction: 0.193).
Discussion
In this large cohort of patients hospitalized for HF with reduced EF, troponin I level was elevated in >40% of patients during Figure 3 Kaplan-Meier curves for (A) all-cause mortality and (B) cardiovascular mortality or hospitalization for heart failure at 12 months by pre-discharge troponin I status, and (C) all-cause mortality and (D) cardiovascular mortality or hospitalization for heart failure at 12 months by 1-month troponin I status. Times to events were compared using log rank tests.
hospitalization and remained persistently elevated in >60% of these patients at 1-month follow-up. Rates of comorbid CAD and diabetes did not differ by pre-discharge troponin status, but were significantly higher among patients with 1-month troponin elevation. Elevated troponin level at 1-month follow-up, but not pre-discharge, was independently predictive of adverse post-discharge outcomes at 12 months. The prognostic value of 1-month troponin elevation was similar among patients with newly elevated (i.e. normal pre-discharge level) and persistently elevated (i.e. elevated baseline level) levels. Likewise, traditional markers of ischaemic heart disease, including existing CAD and diabetes, did not influence the relationship between troponin elevation and outcomes, with the exception of a significantly stronger association between 1-month troponin elevation and death among patients with a history of CAD. Many prior studies have established the prognostic significance of troponin elevation during HHF for short-term in-hospital outcomes. American hospitalized HF registries are 2-4% and the vast majority of deaths occur after discharge from the index hospitalization.
11,12
Thus, there is perhaps a more pressing need to define the prognostic link between troponin measurements and post-discharge outcomes in this population. Unfortunately, databases with the necessary longitudinal data capture are limited. To our knowledge, the only prior investigations of troponin levels in the hospitalized HF trial literature come from the PROTECT pilot, ASCEND-HF, and RELAX-AHF studies. 5, 6, 13, 14 Of these analyses, only the RELAX-AHF investigators evaluated the predictive value of post-discharge troponin levels by measuring levels of high-sensitivity troponin T up to 14 days post-randomization. 6 However, in that study, prognostic significance was assessed only for baseline and peak troponin levels and no consideration was given to troponin measurements at specific time-points, thus limiting the clinical application of the study findings. 6 A recent subsequent study from RELAX-AHF supported the 14-day time-point as offering greater prognostic gains than models using earlier outcomes by pre-discharge and 1-month follow-up troponin I elevation (>0.04 ng/ ACEI, angiotensin-converting enzyme inhibitor; ARB, angiotensin II receptor blocker; CI, confidence interval; CVM/HHF, cardiovascular mortality or hospitalization for heart failure; HR, hazard ratio; NT-proBNP, N-terminal pro-B-type natriuretic peptide. a Data represent HRs and 95% CIs for risk for primary co-endpoints for patients with elevated troponin I levels compared with patients with non-elevated troponin I levels. b Adjusted for age, gender, race, geographic region, ischaemic heart failure aetiology, New York Heart Association class III/IV, ejection fraction, systolic blood pressure, heart rate, NT-proBNP level, serum sodium, blood urea nitrogen, serum creatinine, QRS duration, aliskiren randomization, past medical history (prior HHF, coronary artery disease, atrial fibrillation, diabetes, chronic obstructive pulmonary disease), and medications (ACEI/ARB, beta-blocker, mineralocorticoid receptor antagonist, digoxin, implantable cardioverter-defibrillator, cardiac resynchronization therapy). For systolic blood pressure, heart rate, NT-proBNP, serum sodium, blood urea nitrogen, serum creatinine and body mass index, baseline data were used within the pre-discharge/baseline troponin model and 1-month data were used within the 1-month troponin model. c Outcome analyses reflect events occurring after 1 month of follow-up (i.e. landmark analysis). ACEI, angiotensin-converting enzyme inhibitor; ACM, all-cause mortality; ARB, angiotensin II receptor blocker; CAD, coronary artery disease; CI, confidence interval; CVM/HHF, cardiovascular mortality or hospitalization for heart failure; DM, diabetes mellitus; HR, hazard ratio; NT-proBNP, N-terminal pro-B-type natriuretic peptide. Data represent interaction P-values from multivariate analysis. Covariates included in the multivariate model: age, gender, race, geographic region, ischaemic heart failure aetiology, New York Heart Association class III/IV, ejection fraction, systolic blood pressure, heart rate, NT-proBNP level, serum sodium, blood urea nitrogen, serum creatinine, QRS duration, aliskiren randomization, past medical history (prior HHF, coronary artery disease, atrial fibrillation, diabetes, chronic obstructive pulmonary disease), and medications (ACEI/ARB, beta-blocker, mineralocorticoid receptor antagonist, digoxin, implantable cardioverter-defibrillator, cardiac resynchronization therapy).
measurement time-points. 6, 14 In comparison, the present data from ASTRONAUT specifically compared the relative prognostic value of troponin I at baseline (i.e. pre-discharge) and extended 1-month follow-up and found only the 1-month measurement to be predictive of subsequent mortality and HHF. Coupled with the widespread availability of troponin I assays in comparison with high-sensitivity troponin T assays, these data from ASTRONAUT may more easily facilitate confirmatory study in routine clinical practice. (i.e. elevated pre-discharge and at 1 month) vs. newly elevated troponin level as hospitalized HF patients transition from the inpatient to ambulatory settings, with the suggestion of no significant difference in clinical outcomes between these groups. Lastly, to our knowledge, these data are the first to assess the prognostic value of troponin testing in hospitalized HF with reduced EF patients with and without traditional risk factors for myocardial ischaemia and suggest that a strategy of post-discharge troponin I testing may be particularly informative among patients with comorbid CAD.
The mechanism underlying troponin elevation among HF patients is unclear and is potentially multifactorial, relating to microvascular dysfunction, CAD and/or elevated ventricular filling pressures.
2 -4 Likewise, the mechanism underlying the potentially differing prognostic significance of baseline and 1-month troponin I measurements remains uncertain. Viewing prior data and the results of the present analysis in aggregate, it is notable that whereas studies of troponin measurement during hospitalization for HF have shown variable ability to predict long-term outcomes, analyses in chronic ambulatory HF populations have more consistently demonstrated strong independent prognostic value.
2,5,15 -18 For explanation, one could speculate that troponin elevation during hospitalization reflects the recent unstable period surrounding admission with attendant neurohormonal and haemodynamic perturbations, and thus reflects only a transient state of decompensation that tracks with other markers of worsening HF. Although some authors have argued that troponin elevation in this acute setting reflects critical end-organ injury that mediates subsequent HF progression, this hypothesis remains to be proven and short-term investigational therapies targeting end-organ salvage have failed to improve long-term outcomes.
19 -22 Thus, although hospitalization in itself portends a poor subsequent long-term prognosis, among HF with reduced EF patients surviving to discharge, it remains unclear if troponin elevation near the time of acute decompensation offers incremental predictive value above traditional risk markers. In contrast, troponin elevation during the stable ambulatory phase may represent a chronic ongoing state of cardiac injury despite clinical stability and evidence-based HF therapies, and therefore may conceivably be more likely to carry independent prognostic significance. The precise point in time following acute decompensation at which troponin levels may transition to the prognostic value seen in chronic HF populations is unclear, but the current results from ASTRONAUT suggest this may occur by 30 days.
Clinical research implications
The 'vulnerable phase' following HF hospitalization encompasses the first few months post-discharge, during which the risk for adverse events is highest. 23 In an attempt to mitigate risk, early post-discharge clinic visits are recommended for all HF patients and represent a cornerstone of post-hospitalization care in many health systems. 24, 25 However, although these visits are strongly recommended, the precise structure and goals of these visits remain ill-defined and practice patterns may vary. This is likely to reflect a lack of sound evidence supporting specific interventions or diagnostic testing.
Serum troponin I represents a widely available, simple, and inexpensive laboratory test that is frequently ordered while HF patients are in hospital, but traditionally is not ordered after discharge. 9 The ASTRONAUT data highlight the fact that a substantial minority of HF patients have elevated troponin I levels at 1-month clinic follow-up and support this measure as an under-recognized, robust, and independent predictor of risk for subsequent mortality and readmission, particularly among patients with comorbid CAD. the pre-discharge troponin measurement, which further suggests a relative prognostic importance of testing at 1-month follow-up over in-hospital testing. Thus, in the current setting of sparse evidence and primarily empiric approaches to contemporary post-hospitalization HF care, the present study supports early post-discharge troponin I testing as a simple means of risk stratification and a potential complement to a simultaneous measurement of natriuretic peptide level. 26 These data support further prospective confirmatory study to determine the potential of post-discharge ambulatory troponin testing in guiding the allocation of health care resources, informing clinical management decisions, and as a target for investigational therapies. This line of research may hold particular promise in patients with comorbid CAD.
In the current study, it is notable that nearly one in 10 patients in whom in-hospital troponin levels were normal showed elevated levels at 30 days. However, this proportion is lower than that seen in the PROTECT pilot study, in which 21% of patients with negative baseline troponin T developed elevated levels by day 7.
13 Together, these analyses suggest that the window during which patients are vulnerable to the development of cardiac injury extends beyond the acute decompensated phase. In the context of the recent neutral findings from the TRUE-AHF (Trial of Ularitide Efficacy and Safety in Acute Heart Failure) trial and the topline results from the RELAX-AHF-2 study,
19,27 the current results from ASTRONAUT suggest that a clinical trial strategy focused on targeting cardiac injury with short-term in-hospital therapy is unlikely to improve long-term outcomes. Such an approach may target only a fraction of the window surrounding the HF hospitalization during which patients are vulnerable to injury and neglects the significant burden of ongoing cardiac damage that may occur post-discharge. Rather, the prevalence and prognostic value of continued post-discharge troponin elevation seen here support a clinical trial design in which study therapies are initiated in-hospital and continued during the outpatient phase. 23 
Limitations
The limitations of the present study should be acknowledged. Firstly, ASTRONAUT patients were enrolled at a median of 5 days after admission and were required to be clinically stable. Thus, the present results for pre-discharge (i.e., study baseline) troponin I levels should be viewed in this context and do not represent measurements during active decompensation. Likewise, it is possible that patients with elevated pre-discharge troponin I in ASTRONAUT had considerably different measurements at the time of initial hospital presentation. Secondly, despite rigorous multivariate modelling, this retrospective observational analysis is unable to definitively prove cause-effect relationships. Thirdly, the trial cohort was comprised completely of patients with reduced EF and these findings may not apply to patients with HF with preserved EF. Fourthly, it should be emphasized that patients diagnosed with active or recent ACS were excluded from ASTRO-NAUT and the current data should not be extrapolated to patients hospitalized with HF and concurrent MI. Moreover, although the presence of ACS represented a strict exclusion criterion, the possibility that some patients with troponin elevation had unrecognized ACS cannot be fully ruled out. Fifthly, the current analysis did not explore troponin level as a continuous variable and does not specifically address potential prognostic differences by varying degree of troponin elevation. However, the decision not to perform continuous variable analysis was prespecified because 50-60% of patients showed troponin levels within the three lowest values (i.e. 0.01, 0.02 and 0.03 ng/mL), and due to existence of imputed data for values of <0.02 ng/mL (295 patients at baseline; 387 patients at 1 month) (Figure 2) . Lastly, it is unclear if these results are generalizable to other troponin assays, including troponin T or high-sensitivity troponin assays. It is possible that some ASTRONAUT patients with normal troponin I would have demonstrated elevated troponin levels if a high-sensitivity assay had been used.
Conclusions
In this large clinical trial cohort of hospitalized HF patients with reduced EF, troponin I was elevated in >40% of hospitalized patients and remained persistently elevated in >60% of these patients early post-discharge. Elevated troponin I level at 1-month follow-up, but not pre-discharge, was independently predictive of increased clinical events at 12 months, particularly among patients with comorbid CAD. The prognostic value of troponin elevation at 1-month follow-up was similar across patients with previously normal and previously elevated in-hospital troponin level. The measurement of troponin I during the early post-discharge period should be considered as a practical means of risk stratification and warrants prospective investigation as a therapeutic target.
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